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IMPROVED APERTURE PLATE AND METHODS FOR ITS 
CONSTRUCTION AND USE 

BACKGROUND OF THE INVENTION 
5 This invention relates generally to the field of liquid dispensing, and in 

particular to the aerosolizing of fine Uquid droplets. More specifically, the invention 
relates to the formation and use of aperture plates employed to produce such fine liquid 
droplets. 

A great need exists for the production of fine liquid droplets. For example, 

10 fine Uquid droplets are used in for drug delivery, insecticide delivery, deodorization, paint 
applications, fuel injectors, and the like. In many applications, it may be desirable to 
produce liquid droplets that have an average size down to about 0.5 ^il For example, in 
many medical applications, such a size is needed to insure that the inhaled drug reaches 
the deep lung. j , 1^05 |^^^^ 

15 U.S. Patent Nos. 5,164,740; 5,586,550; and 5,758,637, the complete 

disclosures of which are herein incorporated by reference, describe exemplary devices for 
producing fine liquid droplets. These patents describe the use of aperture plates having 
tapered apertures to which a liquid is supplied. The aperture plates are then vibrated so 
that liquid entering the larger opening of each aperture is dispensed through the small 

20 opening of each aperture to produce the liquid droplets. Such devices have proven to be 
tremendously successful in producing Uquid droplets, 

I )n 7 Another technique for aerosolizing liquids is described in U.S. Patent No. 
5,261,601 and utilizes a perforate membrane disposed over a chamber. The perforate 
membrane comprises an electroformed metal sheet using a "photographic process" that 

25 produces apertures with a cylindrical exit opening. 

The invention provides for the construction and use of other aperture 
plates that are effective in producing fine liquid droplets at a relatively fast rate. As such, 
it is anticipated that the invention will find even greater use in many applications 
requiring the use of fine liquid droplets. 
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SUMMARY OF THE INVENTION 
The invention provides exemplary aperture plates and methods for their 
construction and use in producing fine, liquid droplets at a relatively fast rate. In one 



embodiment, a method is provided for forming an aperture plate. The method utilizes a 
mandrel that comprises a mandrel body having a conductive surface and a plurality of 
nonconductive islands disposed on the conductive surface such that the islands extend 
above the conductive surface. The mandrel is placed within a solution containing a 
5 material that is to be deposited onto the mandrel. Electrical current is then applied to the 
mandrel to form an aperture plate on the mandrel, with the apertures having an exit angle 
that is in the range from about 30° to about 60'', more preferably from about 41° to about 
49°, and still more preferably about 45°. Construction of the aperture plate to have such 
an exit angle is particularly advantageous in that it maximizes the rate of droplet 

10 production through the apertures. 

In one particular aspect, the islands have a geometry that approaches a 
generally conical shape or a dome shape having a circular base, with the base being 
seated on the mandrel body. Conveniently, the islands may have a base diameter in the 
range from about 20 microns to about 200 microns, and a height in the range from about 4 

15 microns to about 20 microns. 

In another particular aspect, the islands are formed from a photoresistent 
material using a photolithography process. Conveniently, the islands may be treated 
following the photolithography process to alter the shape of the islands. In another 
aspect, the aperture plate is removed from the mandrel, and is formed into a dome shape. 

20 In still another aspect, the material in the solution that forms the aperture plate may be a 
material such as a palladium nickel alloy, palladium cobalt, or other palladium or gold 
alloys. 

The invention further provides an exemplary aperture plate that comprises 
a plate body having a top surface, a bottom surface, and a plurality of apertures that taper 

25 in a direction from the top surface to the bottom surface. Further, the apertures have an 
exit angle that is in the range from about 30° to about 60°, more preferably about 41° to 
about 49°, and more preferably at about 45°. The apertures also have a diameter that is in 
the range from about 1 micron to about 10 microns at the narrowest portion of the taper. 
Such an aperture plate is advantageous in that it may produce hquid droplets having a size 

30 that are in the range from about 2 ^im to about 10 um, at a rate in the range from about 4 
|j.L to about 30 |j,L per 1000 apertures per second. In this way, the aperture plate may be 
employed to aerosolize a sufficient amount of a liquid medicament so that a capture 
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chamber that may otherwise be employed to capture the aerosolized medicament will not 
be needed. 

The aperture plate may be constructed of a high strength and corrosion 
resistant material. As one example, the plate body may be constructed from a palladium 
5 nickel alloy. Such an alloy is corrosion resistant to many corrosive materials particularly 
solutions for treating respiratory diseases by inhalation therapy, such as an albuterol 
sulfate and ipratroprium solution, which is used in many medical applications. Further, 
the palladium nickel alloy has a low modulus of elasticity and therefore a lower stress for 
a given oscillation ampUtude. Other materials that may be used to construct the plate 

10 body include gold, gold alloys, and the like. 

In another aspect, the plate body has a portion that is dome sHaped in 
geometry. In one particular aspect, the plate body has a thickness in the range from about 
20 microns to about 70 microns. 

In another embodiment, the invention provides a mandrel for forming an 

15 aperture plate. The mandrel comprises a mandrel body or plate having a conductive, 
generally flat top surface and a plurality of nonconductive islands disposed on the 
conductive surface. The islands extend above the conductive surface and have a 
geometry approaching a generally conical or dome shape. Such a mandrel is particularly 
useful in an electro forming process that may be employed to form an aperture plate on the 

20 mandrel body. The shaped nonconductive islands when used in such a process assist in 
producing apertures that have an exit angle in the range from about 30° to about 60"^, 
more typically in the range from about 41° to about 49°, and still more typically at about 
45°. 

In one aspect, the islands have a base diameter in the range from about 20 
25 microns to about 200 microns, and a height in the range from about 4 microns to about 20 
microns. In another aspect, the islands may have an average slope in the range from 
about 15° to about 30° relative to the conductive surface. Conveniently, the islands may 
be formed from a photoresist material using a photoUthography process. The islands may 
be treated following the photolithography process to ftirther shape the islands. 
30 In still another embodiment, the invention provides a method for 

producing a mandrel that may be employed to form an aperture plate. According to the 
method, an electroforming mandrel body is provided. A photoresist film is applied to the 
mandrel body, and a mask having a pattern of circular regions is placed over the 
photoresist film. The photoresist film is then developed to form an arrangement of 



nonconductive islands that coirespond to the location of the holes in the pattern. 
Following this step, the mandrel body is heated to permit the islands to melt and flow into 
a desired shape. For example, the islands may be heated until they are generally conical 
or dome shaped in geometry and have a slope relative to the surface of the mandrel body. 
5 Optionally, the steps of applying the photoresist film, placing a mask having a smaller 
pattern of circular regions over the photoresist film, developing the photoresist film and 
heating the mandrel body may be repeated to form layers of a photoresist material and 
thereby fiarther modify the shape of the nonconductive islands. 

In one aspect, the photoresist film has a thickness in the range firom about 

10 4 microns to about 15 microns. In another aspect, the mandrel body is heated to a 
temperature in the range from about 50°C to about 250° C for about 30 minutes. 
Typically, the mandrel body will be heated to this temperature at a rate that is less than 
about S^'C per minute. 

The invention still fiirther provides a method for aerosolizing a liquid, 

15 According to the method, an aperture plate is provided that comprises a plate body having 
a top surface, a bottom surface, and a plurality of apertures that taper in a direction from 
the top surface to the bottom surface. The apertures have an exit angle that is in the range 
from about 30° to about 60°, preferably in the range from about 41° to about 49°, more 
preferably at about 45°. The apertures also have a diameter that is in the range from 

20 about 1 micron to about 10 microns at the narrowest portion of the taper. A liquid is 

supplied to the bottom surface of the aperture plate, and the aperture plate is vibrated to 
eject liquid droplets from the top surface. 

Typically, the droplets have a size in the range from about 2|j.m to about 
10.um. Conveniently, the aperttire plate may be provided with at least about 1,000 

25 apertures so that a volume of liquid in the range from about 4^L to about 30|aL may be 
produced within a time of less than about one second. In this way, a sufficient dosage 
may be aerosolized so that a patient may inhale the aerosolized medicament without the 
need for a capture chamber to capture and hold the prescribed amount of medicament. 

In one particular aspect, the liquid that is supplied to the bottom surface is 

30 held to the bottom surface by surface tension forces until the Uquid droplets are ejected 

from the top surface. In another aspect, the aperture plate is vibrated at a frequency in the 
range from about 80 KHz to about 200 KHz. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a side view of one embodiment of an aperture plate according to 

the invention. 

Fig. 2 is a cross-sectional side view of a portion of the aperture plate of 

5 Fig. 1. 

Fig. 3 is a more detailed view of one of the apertures of the aperture plate 

ofFig. 2. 

Fig. 4 is a graph illustrating the flow rate of liquid through an aperture as 
the exit angle of the aperture is varied. 
10 Fig. 5 is a top perspective view of one embodiment of a mandrel having 

nonconductive islands to produce an aperture plate in an electroforming process 
according to the invention. 

Fig. 6 is a side view of a portion of the mandrel of Fig. 5 showing one of 
the nonconductive islands in greater detail. 
15 Fig. 7 is a flow chart illustrating one method for producing an 

electroforming mandrel according to the invention. 

Fig. 8 is a cross-sectional side view of the mandrel of Fig. 5 when used to 
produce an aperture plate using an electroforming process according to the invention. 

Fig. 9 is flow chart illustrating one method for producing an aperture plate 

20 according to the invention. 

Fig. 10 is a cross-sectional side view of a portion of an alternative 
embodiment of an aperture plate according to the invention. 

Fig. 1 1 is a side view of a portion of an alternative electroforming mandrel 
when used to form the aperture plate of Fig. 10 according to the invention. 
25 Fig. 12 illustrates the aperture plate of Fig. 1 when used in an aerosol 

generator to aerosolize a liquid according to the invention. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 
The invention provides exemplary aperture plates and methods for their 
construction and use. The aperture plates of the invention are constructed of a relatively 
30 thin plate that may be formed into a desired shape and includes a plurality of apertures 
that are employed to produce fine liquid droplets when the aperture plate is vibrated. 
Techniques for vibrating such aperture plates are described generally in U. S. Patent 
Numbers 5,164,740; 5,586,550; and 5,758,637, previously incorporated herein by 
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reference. The aperture plates are constructed to permit the production of relatively small 
liquid droplets at a relatively fast rate. For example, the aperture plates of the invention 
may be employed to produce liquid droplets having a size in the range from about 2 
microns to about 10 microns, and more typically between about 2 microns to about 5 
5 ' microns. In some cases, the aperture plates may be employed to produce a spray that is 
useful in pulmonary drug delivery procedures. As such, the sprays produced by the 
aperture plates may have a respirable fraction that is greater than about 70%, preferably 
more than about 80%, and most preferably more than about 90% as described in U.S. 
Patent No. 5,758,637, previously incorporated by reference, 

10 In some embodiments, such fine liquid droplets may be produced at a rate 

in the range from about 4 microUters per second to about 30 microliters per-second per 
1000 apertures. In this way, aperture plates may be constructed to have multiple 
apertures that are sufficient to produce aerosolized volumes that are in the range from 
about 4 microUters to about 30 microhters, within a time that is less than about one 

15 second. Such a rate of production is particularly useful for pulmonary drug dehvery 
applications where a desired dosage is aerosolized at a rate sufficient to permit the 
aerosolized medicament to be directly inhaled. In this way, a capture chamber is not 
needed to capture the liquid droplets until the specified dosage has been produced. In this 
manner, the aperture plates may be included within aerosolizers, nebuhzers, or inhalers 

20 that do not utilize elaborate capture chambers. 

As just described, the invention may be employed to deliver a wide variety 
of drugs to the respiratory system. For example, the invention may be utilized to deliver 
drugs having potent therapeutic agents, such as hormones, peptides, and other drugs 
requiring precise dosing including drugs for local treatment of the respiratory system. 

25 Examples of Uquid drugs that may be aerosoUzed include drugs in solution form, e.g., 
aqueous solutions, ethanol solutions, aqueous/ethanol mixture solutions, and the like, m 
colloidal suspension form, and the like. The invention may also find use in aerosolizing a 
variety of other types of Hquids, such as insulin. 

In one aspect, the aperture plates may be constructed of materials having a 

30 relatively high strength and that are resistant to corrosion. One particular material that 
provides such characteristics is a palladium nickel alloy. One particularly useful ■ 
palladium nickel alloy comprises about 80% palladium and about 20% nickel. Other 
useful palladium nickel alloys are described generally in J.A.Abys, et al., "Annealing 
Behavior of Palladium-Nickel Alloy Electrodeposits," Plating and Surface Finishing 



August 1996, 'TallaTech® Procedure for the Analysis of Additive IVS in PallaTech® 
Plating Solutions by HPLC Technical Bulletin , Lucent Technologies, October 1, 1996, 
and in U.S. Patent No. 5, 180,482, the complete disclosures of which are herein 
incorporated by reference. 
5 Aperture plates constructed of such a palladium nickel alloy have 

significantly better corrosion resistance as compared to nickel aperture plates. As one 
example, a nickel aperture plate will typically corrode at a rate of about 1 micron per hour 
when an albuterol sulfate solution (PH 3.5) is flowing through the apertures. In contrast, 
the palladium nickel alloy of the invention does not experience any detectable corrosion 

10 after about 200 hours. Hence, the palladium nickel alloy aperture plates of the invention 
may be used with a variety of liquids without significantly corroding the aperture plate. 
Examples of liquids that may be used and which will not significantly corrode such an 
aperture plate include albuterol, chromatin, and other inhalation solutions that are 
normally deUvered by jet nebulizers, and the like. 

15 Another advantage of the palladium nickel alloy is that it has a low 

modulus of elasticity. As such, the stress for a given oscillation amplitude is lower as 
compared to a nickel aperture plate. As one example, the modulus of elasticity for such a 
palladium alloy is about 12 x 10^ psi, whereas the modulus of elasticity for nickel is about 
33 X 10^ psi. Since the stress is proportional to the amount of elongation and the modulus 

20 of elasticity, by providing the aperture plate with a lower modulus of elasticity, die stress 
on the aperture plate is significantly reduced. 

Altemative materials for constructing the aperture plates of the invention 
include pure palladium and gold, as well as those described in copending U.S. 
Application Serial No. 09/313,914, filed May 18, 1999, the complete disclosure of which 

25 is herein incorporated by reference. 

To enhance the rate of droplet production while maintaining the droplets 
within a specified size range, the apertures may be constructed to have a certain shape. 
More specifically, the apertures are preferably tapered such that the aperture is narrower 
in cross section where the droplet exits the aperture. In one embodiment, the angle of the 

30 aperture at the exit opening (or the exit angle) is in the range from about 30^ to about 60°, 
more preferably from about 41° to about 49^ and more preferably at about 45°. Such an 
exit angle provides for an increased flow rate while minimizing droplet size. In this way, 
the aperture plate may find particular use with inhalation drug deUvery applicaUons. 
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The apertures of the aperture plates will typically have an exit opening 
having a diameter in the range from about 1 micron to about 10 microns, to produce 
droplets that are about 2 microns to about 10 microns in size. In another aspect, the taper 
at the exit angle is preferably within the desired angle range for at least about the first 15 
5 microns of the aperture plate. Beyond this point, the shape of the aperture is less critical. 
For example, the angle of taper may increase toward the opposite surface of the aperture 
plate. 

Conveniently, the aperture plates of the invention may be formed in the 
shape of a dome as described generally in U.S. Patent No. 5, 758, 637, previously 

10 incorporated by reference. Typically, the aperture plate will be vibrated at a frequency in 
the range from about 45 kHz to about 200 kHz when aerosolizing a liquid. Further, when 
aerosolizing a liquid, the liquid may be placed onto a rear surface of the aperture plate 
where the liquid adheres to the rear surface by surface tension forces. Upon vibration of 
the aperture plate, liquid droplets are ejected from the front surface as described generally 

15 in U.S. Patent Nos. 5,164,740, 5,586,550 and 5,758,637, previously incorporated by 
reference. 

The apertiare plates of the invention may be constructed using an 
electrodeposition process where a metal is deposited from a solution onto a conductive 
mandrel by an electrolytic process. In one particular aspect, the aperture plates are 

20 formed using an electro forming process where the metal is electroplated onto an 

accurately made mandrel that has the inverse contour, dimensions, and surface finish 
desired on the finished aperture plate. When the desired thickness of deposited metal has 
been attained, the aperture plate is separated from the mandrel. Electroforming 
techniques are described generally in E. Paul DeGarmo, "Materials and Processes in 

25 Manufacturing" McMillan PubUshing Co., Inc., New York, 5'*" Edition, 1979, the 
complete disclosure of which is herein incorporated by reference. 

The mandrels that may be utilized to produce the aperture plates of the 
invention may comprise a conductive surface having a plurality of spaced apart 
nonconductive islands. In this way, when the mandrel is placed into the solution and 

30 current is applied to the mandrel, the metal material in the solution is deposited onto the 
mandrel. Examples of metals which may be electrodeposited onto the mandrel to form 
the aperture plate have been described above. 

One particular feature of the invention is the shape of the nonconductive 
islands on the aperture plate. These islands may be constructed with a certain shape to 



produce apertures that have exit angles in the ranges as described above. Examples of 
geometric configurations that may be employed include islands having a generally 
conical shape, a dome shape, a parabolic shape, and the like. The nonconductive islands 
may be defined in terms of an average angle or slope , i.e., the angle extending from the 

5 bottom of the island to the top of the island relative to the conductive surface, or using the 
ratio of the base and the height. The magnitude of this angle is one factor to be 
considered in forming the exit angle in the aperture plate. For instance, formation of the 
exit angle in the aperture plate may depend on the electroplating time, the solution used 
with the electroplating process, and the angle of taper of the nonconductive islands. 

10 These variables may be altered alone or in combination to achieve the desired exit angle 
in the aperture plate. Also, the size of the exit opening may also depend onThe 
electroplating time. 

As one specific example, the height and diameter of the nonconductive 
islands may be varied depending on the desired end dimensions of the apertures and/or on 

15 the process employed to create the aperture plates. For instance, in some cases the rear 
surface of the aperture plate may be formed above the islands. In other cases, the rear 
surface of the aperture plate may be formed adjacent to the conductive surface of the 
mandrel. In the latter case, the size of the exit opening may be defined by the cross- 
sectional dimension of the non-conductive islands at the ending thickness value oiF the 

20 aperture plate. For the former process, the nonconductive islands may have a height that 
is up to about 30 percent of the total thickness of the aperture plate. 

To construct the nonconductive islands, a photolithography process may 
be employed. For example, a photoresist film may be applied to the mandrel body and a 
mask having a pattern of circular regions placed over the photoresist fihn. The 

25 photoresist film may then be developed to form an arrangement of nonconductive islands 
, that correspond to the location of the holes in the pattern. The nonconductive islands may 
then be fiirther treated to produce the desired shape. For example, the mandrel may be 
heated to allow the photoresist material to melt and flow into the desired shape. 
Optionally, this process may be repeated one or more additional times to build up layers 

30 of photoresist materials. During each additional step, the size of the holes in the pattern 
may be reduced to assist in producing the generally conical shape of the islands. 

A variety of other techniques may be employed to place a pattern of 
nonconducted material onto the electro forming mandrel. Examples of techniques that 
may be employed to produce the desired pattern include exposure, silk screening, and the 



like. This pattern is then employed to control where plating of the material initiates and 
continues throughout the plating process. A variety of nonconductive materials may be 
employed to prevent plating on the conductive surface, such as a photoresist, plastic, and 
the Uke. As previously mentioned, once the nonconducting material is placed onto the 
5 mandrel, it may optionally be treated to obtain the desired profile. Examples of 
treatments that may be used include baking, curing, heat cycling, carving, cutting, 
molding or the like. Such processes may be employed to produce a curved or angled 
surface on the nonconducting pattern which may then be employed to modify the angle of 
the exit opening in the aperture plate. 

10 Referring now to Fig. 1, one embodiment of an aperture plate 10 will be 

described. Aperture plate 10 comprises a plate body 12 into which are forrffed a plurahty 
of tapered apertures 14. Plate body 12 may be constructed of a metal, such as a palladium 
nickel alloy or other metal as previously described. Conveniently, plate body 12 may be 
configured to have a dome shape as described generally in U.S. Patent No. 5,758,637, 

15 previously incorporated by reference. Plate body 12 includes a top or front surface 16 
and a bottom or rear surface 18. In operation, liquid is supplied to rear surface 18 and 
liquid droplets are ejected from front surface 16. 

Referring now to Fig. 2, the configuration of apertures 14 will be described 
in greater detail. Apertures 14 are configured to taper from rear surface 18 to front 

20 surface 16. Each aperture 14 has an entrance opening 20 and an exit opening 22. With 
this configuration, liquid supphed to rear surface 18 proceeds through entrance opening 
20 and exits through exit opening 22. As shovra, plate body 12 further includes a flared 
portion 24 adjacent exit opening 22. As described in greater detail hereinafter, flared 
portion 24 is created from the manufacturing process employed to produce aperture 

25 plate 10. 

As best shown- in Fig. 3, the angle of taper of apertures 14 as they 
approach exit openings 22 may be defined by an exit angle Q, The exit angle is selected 
to maximize the ejection of liquid droplets through exit opening 20 while maintaining the 
droplets within a desired size range. Exit angle 0 may be constructed to be in the range 
30 from about 30° to about 60°, more preferably from about 41° to about 49°, and most 
preferably around 45°. Also, exit opening 22 may have a diameter in the range from 
about 1 micron to about 10 microns. Further, the exit angle 9 preferably extends over a 
vertical distance of at least about 15 microns, i.e., exit angel 9 is within the above recited 
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ranges at any point within this vertical distance . As shown, beyond this vertical distance, 
apertures 14 may flare outward beyond the range of the exit angle 9. 

In operation, liquid is applied to rear surface 18. Upon vibration of 
aperture plate 10, Uquid droplets are ejected through exit opening 22. In this manner, the 
5 liquid droplets will be propelled from front surface 16. Although exit opening 22 is 

shown inset from front surface 16, it will be appreciated that other types of manufacturing 
processes may be employed to place exit opening 22 directly at front surface 16. 

Shown in Fig. 4 is a graph containing aerosolization simulation data when 
vibrating an aperture plate similar to aperture plate 10 of Fig. 1. In the graph of Fig. 4, 

10 the aperture plate was vibrated at about 180 kHz when a volume of water was applied to 
the rear surface. Each aperture had a exit diameter of 5 microns. In the simulation, the 
exit angle was varied from about 10"* to about 70° (noting that the exit angle in Fig. 4 is 
from the center line to the wall of the aperture). As shown, the maximum flow rate per 
aperture occurred at about 45°. Relatively high flow rates were also achieved in the range 

15 from about 41° to about 49°. Exit angles in the range from about 30° to about 60° also 
produced high flow rates. Hence, in this example, a single aperture is capable of ejecting 
about 0.08 microUters of water per second when ejecting water. For many medical 
solutions, an aperture plate containing about 1000 apertures that each have an exit angle 
of about 45° may be used to produce a dosage in the range from about 30 microliters to 

20 about 50 microliters within about one second. Because of such a rapid rate of production, 
the aerosolized medicament may be inhaled by the patient within a few inhalation 
maneuvers without first being captured within a capture chamber. 

It will be appreciated that the invention is not intended to be limited by this 
specific example. Further, the rate of production of liquid droplets may be varied by 

25 varying the exit angle, the exit diameter and the type of liquid being aerosolized. Hence, 
depending on the particular application (including the required droplet size), these 
variables may be ahered to produce the desired aerosol at the desired rate. 

Referring now to Fig. 5, one embodiment of an electro forming mandrel 26 
that may be employed to construct aperture plate 10 of Fig. 1 will be described. Mandrel 

30 26 comprises a mandrel body 28 having a conductive surface 30. Conveniently, mandrel 
body 28 may be constructed of a metal, such as stainless steel. As shown, conductive 
surface 30 is flat in geometry. However, in some cases it will be appreciated that 
conductive surface 30 may be shaped depending on the desired shape of the resulting 
aperture plate. 



Disposed on conductive surface 30 are a plurality of nonconductive islands 
32. Islands 32 are conJGgured to extend above conductive surface 30 so that they may be 
employed in electro forming apertures within the aperture plate as described in greater 
detail hereinafter. Islands 32 may be spaced apart by a distance corresponding to the 
5 desired spacing of the resulting apertures in the aperture plate. Similarly, the number of 
islands 32 may be varied depending on the particular need. 

Referring now to Fig. 6, construction of islands 32 will be described in 
greater detail. As shown, island 32 is generally conical or dome shaped in geometry. 
Conveniently, island 32 may be defined in terms of a height h and a diameter D. As such, 

10 each island 32 may be said to include an average angle of incline or slope that is defined 
by the inverse tangent of 14 (D)/h. The average angle of incline may be varied to produce 
the desired exit angle in the aperture plate as previously described. 

As shown, island 32 is constructed of a bottom layer 34 and a top layer 36. 
As described in greater detail hereinafter, use of such layers assists in obtaining the 

15 desired conical or domed shape. However, it will be appreciated that islands 32 may in 
some cases be constructed fi-om only a single layer or multiple layers. 

Referring now to Fig. 7, one method for forming nonconductive islands 32 
on mandrel body 28 will be described. As shown in step 38, the process begins by 
providing an electro forming mandrel.. As shown in step 40, a photoresist film is then 

20 applied to the mandrel. As one example, such a photoresist fihn may comprise a thick 
film photoresist having a thickness in the range fi-om about 7 to about 9 microns. Such a 
thick film photoresist may comprise a Hoechst Celanese AZ P4620 positive photoresist. 
Conveniently, such a resist may be pre-baked in a convection oven in air or other 
environment for about 30 minutes at about 100°C. As shown in step 42, a mask having a 

25 pattern of circular regions is placed over the photoresist film. As shown in step 44, the 
photoresist film is then developed to form an arrangement of nonconductive islands. 
Conveniently, the resist may be developed in a basic developer, such as a Hoechst 
Celanese AZ 400 K developer. Although described in the context of a positive 
photoresist, it will be appreciated that a negative photoresist may also be used as is known 

30 in the art. 

As shown in step 46, the islands are then treated to form the desired shape 
by heating the mandrel to permit the islands to flow and cure in the desired shape. The 
conditions of the heating cycle of step 46 may be controlled to determine the extent of 
flow (or doming) and the extent of curing that takes place, thereby affecting the durability 



and permanence of the pattern. In one aspect, the mandrel is slowly heated to an elevated 
temperature to obtain the desired amount of flow and curing. For example, the mandrel 
and the resist may be heated at a rate of about 2°C per minute from room temperature to 
an elevated temperature of about 240°C. The mandrel and resist are then held at the 
5 elevated temperature for about 30 minutes. 

In some cases, it may be desirable to add photoresist layers onto the 
nonconductive islands to control their slope and further enhance the shape of the islands. 
Hence, as shown in step 48, if the desired shape has not yet been obtained, steps 40-46 
may be repeated to place additional photoresist layers onto the islands. Typically, when 

10 additional layers are added, the mask will contain circular regions that are smaller. in 
diameter so that the added layers will be smaller in diameter to assist hi producing the 
domed shape of the islands. As shown in step 50, once the desired shape has been 
attained, the process ends. 

Referring now to Figs. 8 and 9, a process for producing aperture plate 10 

15 will be described. As shown in step 52 of Fig. 9, a mandrel having a pattern of 

nonconductive islands is provided. Conveniently, such a mandrel may be mandrel 26 of 
Fig. 5 as illustrated in Fig. 8. The process then proceeds to step 54 where the mandrel is 
placed in a solution containing a material that is to be deposited on the mandrel. As one 
example, the solution may be a Pallatech PdNi plating solution, commercially available 

20 from Lucent Technologies, containing a palladium nickel that is to be deposited on 

mandrel 26. As shown in step 56, electric current is supplied to the mandrel to electro 
deposit the material onto mandrel 26 and to form aperture plate 10. As shown in step 56, 
once the aperture plate is formed, it may be peeled off from mandrel 26. 

To obtain the desired exit angle and the desired exit opening on aperture 

25 plate 10, the time during which electric current is supplied to the mandrel may be varied. 
Further, the type of solution into which the mandrel is immersed may also be varied. Still 
further, the shape and angle of islands 32 may be varied to vary the exit angle of the 
apertures as previously described. Merely by way of example, one mandrel that may be 
used to produce exit angles of about 45^ is made by depositing a first photoresist island 

30 having a diameter of 100 microns and a height of 10 microns. The second photoresist 
island may have a diameter of 10 microns and a thickness of 6 microns and is deposited 
on a center of the first island. The mandrel is then heated to a temperature of 200^C for 2 
hours. 
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Referring now to Fig. 10, an alternative embodiment of an aperture plate 
60 will be described. Aperture plate 60 comprises a plate body 62 having a plurality of 
tapered apertures 64 (only one being shown for convenience of illustration). Plate body 
62 has a rear surface 66 and a front surface 68, Apertures 64 are configured to taper from 
5 rear surface 66 to front surface 68. As shown, aperture 64 has a constant angle of taper. 
Preferably, the angle of taper is in the range from about 30° to about 60°, more preferably 
about 41° to about 49°, and most preferably at about 45°. Aperture 64 farther includes an 
exit opening 70 that may have a diameter in the range from about 2 microns to about 10 
microns. 

10 Referring to Fig. 11, one method that may be employed to construct 

aperture plate 62 will be described. The process employs the use of ah electro forming 
mandrel 72 having a pluraUty of non-conductive islands 74. Conveniently, island 74 may 
be constructed to be generally conical or domed-shaped in geometry and may be 
constructed using any of the processes previously described herein. To form aperture 

15 plate 60, mandrel 72 is placed within a solution and electrical current is applied to 

mandrel 72. The electroplating time is controlled so that front surface 68 of aperture plate 
60 does not extend above the top of island 74, The amount of electroplating time may be 
controlled to control the height of aperture plate 60. As such, the size of exit openings 72 
may be controlled by varying the electroplating time. Once the desired height of aperture 

20 plate 60 is obtained, electrical current is ceased and mandrel 72 may be removed from 
aperture plate 60. 

Referring now to Fig. 12, use of aperture plate 10 to aerosolize a volume 
of liquid 76 will be described. Conveniently, aperture plate 10 is coupled to a cupped 
shaped member 78 having a central opening 80. Aperture plate 10 is placed over opening 

25 80, with rear surface 18 being adjacent liquid 76. A piezoelectric transducer 82 is 
coupled to cupped shaped member 78. An interface 84 may also be provided as a 
convenient way to couple the aerosol generator to other components of a device, hi 
operation, electrical current is applied to transducer 82 to vibrate aperture plate 10. 
Liquid 76 may be held to rear surface 18 of aperture plate 10 by surface tension forces. 

30 As aperture plate 10 is vibrated, liquid droplets are ejected from the front surface as 
shown. 

As previously mentioned, aperture plate 10 may be constructed so that a 
volume of liquid in the range from about 4 microliters to about 30 microUters may be 
aerosolized within a time that is less than about one second per about 1000 apertures. 




Further, each of the droplets may be produced such that they have a respirable fraction 
that is greater than about 90 percent. In this way, a medicament may be aerosoUzed and 
then directly inhaled by a patient. 

In some cases, the aperture plates described herein may be use in non- 
5 vibratory applications. For example, the aperture plates may be used as a non-vibrating 
nozzle where liquid is forced through the apertures. As one example, the aperture plates 
may be used with ink jet printers that use thermal or piezoelectric energy to force the 
liquid through the nozzles. The aperture plates of the invention may be advantageous 
when used as non- vibrating nozzles with ink jet printers because of their non-corrosive 
10 construction and because the apertures have a low resistance to flow due to their 
relatively short necked regions. 

The invention has now been described in detail for purposes of clarity of 
understanding. However, it will be appreciated that certain changes and modifications 
may be practiced within the scope of the appended claims. 
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